There Is No Smoke without Mitochondria
Mitochondria have been increasingly recognized as a contributing factor to the pathogenesis of chronic obstructive pulmonary disease (COPD). Patients with COPD manifest chronic airway inflammation and progressive destruction of alveolar structures. Multiple factors are believed to be involved in the development of COPD, including increased levels of reactive oxygen species (ROS), protease-antiprotease imbalance, exaggerated inflammation, cell apoptosis/death, and accelerated cellular senescence. Changes in the mitochondrial respiratory chain complexes and ROS levels also have been implicated in the development of COPD. For example, airway smooth muscle cells cultured from patients with COPD have a reduced expression of complexes I, III, and V; increased mitochondrial ROS; and decreased membrane potential and ATP production (1) .
Mitochondria and NADPH oxidases have been implicated as major sites of ROS generation in response to chronic exposure to smoke leading to COPD (2). Mitochondria are major generators of superoxide, predominantly at complexes I and III. Unlike mammals, lower organisms and plants possess an alternative respiratory pathway, in addition to the cytochrome c oxidasedependent respiratory pathway found in all eukaryotes. Alternative oxidase (AOX) is one of the proteins that can conduct an alternative respiration. It is a single protein that exists in the inner mitochondrial membrane and can transport electrons from ubiquinol to oxygen, allowing mitochondrial respiratory complexes III and IV to be bypassed when they are dysfunctional ( Figure 1A ). In essence, AOX restores the electron transfer function of complexes III and IV without contributing to proton pumping, and therefore does not generate a proton motive force for ATP synthesis. Because AOX has low affinity for its substrate ubiquinol, as compared with complex III, it does not accept electrons when complex III and the downstream cytochrome pathway are functionally intact (3, 4) . AOX transports electrons from ubiquinol to oxygen only when ubiquinol is overreduced, for example, when complex III or IV is dysfunctional, consequently decreasing mitochondrial ROS levels (5). Because of this unique feature, AOX has been suggested as a potential therapeutic modality as well as a useful research tool to study the physiological role of the mitochondrial electron transport chain in isolation from its role in ATP synthesis. AOX has been successfully expressed in human cultured cells (6, 7) . Furthermore, AOX can be safely expressed in mice in vivo (8, 9) without disrupting normal physiology. AOX does not seem to participate in electron transfer in the presence of an active complex III function, even though the protein is expressed and enzymatically functional. Thus, AOX expression in vivo, at baseline without stress, has little effect on endogenous electron transport chain activity, including generation of a proton gradient by complex III or IV, or the global metabolome. Indeed, the use of ADP associated with oxygen consumption was not decreased in AOX mice compared with wild-type mice (8) .
However, under conditions of stress, AOX becomes functionally active. Therefore, AOX-expressing cells produce less ROS when exposed to a respiratory complex inhibitor such as antimycin A (a complex III inhibitor), and AOX-expressing mice are protected from cyanide (a complex IV inhibitor) toxicity (8, 9) .
In a study presented in this issue of the Journal, Giordano and colleagues (pp. 515-522) used AOX-expressing mice to examine whether AOX expression would decrease mitochondrial ROS production and lung pathology in a smoke-induced model of emphysema (10) . With chronic exposure to cigarette smoke (CS), the mice that globally expressed AOX developed less severe emphysema than wild-type mice did, as measured by lung hysteresis and mean chord length. Using immortalized mouse embryonic fibroblasts in vitro, they showed that AOX expression reduced ROS production and cell death induced by CS condensate (CSC). On the other hand, with acute exposure to CS, there was no difference in the number of macrophages and neutrophils in the BAL of wild-type and AOX mice. The authors conclude that expression of AOX attenuates CS-induced lung emphysema, likely by protecting nonimmune alveolar cells from CS-induced cell death through decreased mitochondrial ROS production.
At first glance, the data seem to suggest that complex III is the main culprit site for production of ROS during chronic smoke exposure, causing CS-induced emphysema. With AOX expression, electrons from the ubiquinone pool are transferred to AOX rather than to complex III (Figure 1 ). This would decrease superoxide generation at complex III, contributing to the overall reduction of mitochondrial ROS generation induced by CS. This suggests that complex III-derived ROS would represent a target for decreasing CS-induced lung destruction. However, by accepting electrons from ubiquinol, AOX quickly generates ubiquinone, which can continue to accept electrons from complex I or II, and in turn prevent complex I from generating superoxide by reverse electron transport (RET), another dominant mechanism for superoxide generation within the mitochondrial respiratory chain (11) . Therefore, it is possible that the attenuation of CS-induced emphysema by AOX expression could also be due to decreased RET at complex I ( Figures 1B and 1C) . The dose-dependent decrease in complex I-driven respiration by CSC, which was partially improved with AOX, may be a reflection of the occurrence of RET during CS exposure, although we do not have direct evidence for this. Hence, the current study does not tell us which is the dominant site of mitochondrial superoxide production during chronic smoke exposure leading to the development of emphysema. However, the study does provide genetic evidence that mitochondria are linked to chronic smoke-induced pathology. Previous studies suggested a strong correlation between mitochondrial function and ROS and the development of COPD, but the causality was difficult to establish due to a lack of research tools. Multiple cell types are known to interact during chronic smoke-induced injury, including immune, epithelial, mesenchymal, and endothelial cells. A limitation of the study, as pointed out by the authors, is that the mice express AOX globally, and thus it is not clear which cell types are involved in the mitochondrial ROS-dependent pathology. Future studies should use conditional expression of AOX in different cell types to gain mechanistic insight into the cell types that drive chronic smoke-induced pathology.
Overall, the AOX mice they used will be a useful research tool to establish causality between mitochondrial respiratory chain-dependent superoxide production and other lung diseases, including fibrosis, acute lung injury, and pulmonary hypertension. A tempting question is whether nebulized delivery of AOX through gene therapy would ameliorate deleterious effects caused by smoke exposure, or in other diseases characterized by mitochondrial dysfunction. n
